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ABSTRACT

The Z-parameters of a transistor have been calculated in terms
of the transistor T-equivalent circuit parameters. The calculations
have been made for a frequency of 1.0 kc. In addition, each of the
independent equivalent circuit parameters was halved and doubled while
the rest were held constant, and the effect on the Z-parameters
investigated.

The results indicate that in the common base and common emitter
configurations the input impedance depends on r only, while the

forward transfer impedance depends on rb and re. The rest of the

parameters are functions of rc and Cc only.
1. INTRODUCTION

The purpose of this report is to investigate the dependence of
the terminal characteristics of a transistor on its T-equivalent
circuit parameters. This dependence is of primary importance in
transistor design, since a given set of terminal characteristics can
be achieved by specifying the values of the internal parameters;
these values, in turn, are functions of junction area, doping, etc.,
and can be controlled to a certain extent.

Because of the numerous and tedious calculations involved, this
work was performed with the help of an IBM 704 digital computer., This
report will include the relations between the terminal characteristics
and the equivalent circuit parameters, a brief discussion of the pro-
gramming techniques used, and the results obtained for common base,
common emitter and common collector configurations,

2. DISCUSSION

Of the various transistor equivalent circuits available, the
T-equivalent was chosen for the purposes of the present investigation.
Although basically a low frequency equivalent circuit, its useful
frequency range is increased by including an emitter and base capacitance,
On the basis of the circuit illustrated below,
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the Z-parameters in the

common base, common emitter
configuration are found

a8 follows:

and common collector
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cc cc

Thus, the terminal transistor impedances are expressed in terms
of the equivalent circuit parameters in the three configurations., For
given values of these inherent or intrinsic parameters the impedances
can be calculated.

In the present study, the IBM 704 digital computer of the National
Bureau of Standards was used to calculate the terminal parameters. The
program was written in the FORTRAN (Formula Translation) language.
FORTRAN is a system by which a program written in a relatively simple
language can be translated into the language that the computer under-
stands. This technique enables a non-professional programmer to use
the computer for a wide range of problems with a minimum of difficulty
(ref 1),

It was desired to find the effect on the terminal characteristics
of the transistor when one of the equivalent circuit parameters was
varied while the others were held constant. The data used in this re-
port were taken from the data sheet for a 2N220 transistor. 1In the
equivalent circuit representation C  was assumed to be very small, so
the capacitive reactance in parallei with r gave an effective impedance
approximately equal to r . In view of the Iow frequency being con-
sidered, this appears toebe a valid assumption. The values of the equiva-
lent circuit parameters used as basis for the calculation of the terminal
characteristics appear in table I. Since Cb was not given in the original

TABLE I
Tbb v Ch Te Te Ce @
ohms ohms pf ohms megohms pf
190 1085 8850 37.7 2.86 50 .985

data, the value of 8850 pf was taken from measurements that were performed
on a 2N180 transistor (ref 2).
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The values given in table I and the terminal parameters corresponding
to these values (table 11) were used as bases for normalizing the results.
Each value of the equivalent circuit parameters was halved and doubled
while the others were kept constant. For each set of values the termi-
nal characteristics were computed at a frequency of 1.00 kc. The results
of these computations appear in figures 1 through 13. 1In the graphs,
the ordinate represents the normalized terminal characteristics while
the abscissa represents the normalized equivalent circuit parameters.

Table I1I
Z,. = 1.31 x 10° - §6.52 x 10% z 3.77 x 10* + j0.0
1lle - O 12e = . x + J .
Z.. = -1.60 x 10° + 31.40 x 10° 7., = 2.38 x 10% - j2.13 x 10%
21e ' . 22¢ = 2* .
Z,. = 1.31 x 10° - j6.52 x 10% Z.. = 1.27 x 105 - j6.52 x 10}
11 ® 1 2 12 = 1 ;
Z.. = 1.56 x 10° - j1.40 x 10° 2. = 1.58 x 10% - j1.42 x 10°
21b . 22p = 1° :
6 6 4 4
Z,,, = 1.58 x 10° - j1.42 x 10 2, = 2.37 x 10" - 32,13 x 10
6 6 4 4
Z, .= 1.58 x 10° - j1.42 x 10 Z,,, = 2-38 x 10% - 32,13 x 10

3. RESULTS

The greatest effect on most of the terminal characteristics of a
transistor, at the frequency considered, is brought about by the varia-
tion of rc and'cc. The only exceptions are the parameters with which rc

and cc are not associated. Thus, in the common emitter and common base
configurations the input impedance is largely a function of rb and Cb
while Tob has little effect and r, plays an insignificant role. 1In fact,
the only terminal characteristic which is affected by r, is the common

emitter forward transfer impedance Z which for all practical purposes
is directly proportional to re. In %ﬁ?s investigation, the emitter

capacitance was assumed negligible, thus making the forward transfer

impedance equal to re.
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The base capacitance Cb contributes only to the imaginary components

ot zlle’ zub and leb’ From table II it is seen that these components

are negligible in comparison to the real parts. - Of course, as the
frequency is increased, cb will play a significant role on the terminal

characteristics., If only the magnitude of the impedance is required,
the base capacitance can be neglected. However, if phase angle informa-

tion is needed cb must be included. In the common emitter and common

base input impedance the phase angle is approximately 2°. By varying

C
b
changed from 1o to 6° respectively. Thus, the phase angle of the input

from one-half to twice its nominal value, the phase angle could be

impedance can be controlled to a certain extent by adjusting Cb, while

its absolute value will remain constant,

In the common collection configuration, all four elements of the
Z-matrix depend only on rc and cc' Of particular interest is the ef-
fect of rc on the real parts and of cc on the imaginary parts of the
elements of the matrix. For values of r, less than its nominal value,

the real part of the impedance increase according to some exponential
functional of rc. As rc reaches a value slightly higher than its

nominal, the real part of Z, Re[Z], begins to decrease and it will
continue to decrease as rc increases. This rather unusual behavior

can be traced to the expression

r

c

1+@C r )2

cc
where for large values of r the term containing rcz begins to in-
fluence the fraction more tfian the numerator r.. The maximum value
of the real part is given for a value of r, slightly higher than its
nominal value, Similarly, the imaginary components behave in almost
identical manner for the variation in Cc. The term responsible for
this effect of Cc is

22




S8ince r, behaves in similar fashion in both the numerator and denominator,
the imaginary terms of the Z-parameters, Im[z], are affected by rc accord-

ing to some proportionality function. Thus Im[2] increases with increas-
ing rc while Cc causes it to increase initially and then reverse slope.

The points of inflection were calculated after the data indicated that
either halving or doubling rc and Cc the impedance was less than that of

the nominal values,

A few remarks can also be made as to the dependence of the absolute
value of the Z-parameters on.rc and Cc. It is obvious that any increase
in the collector capacitance will cause the impedances which depend on
Cc to decrease, perhaps slowly in the beginning but rather rapidly as
Cc attains values higher than its nominal value. The effect of T,
however, is not as easily predictable. For values of r, less than
nominal, the absolute value of the impedance will increase since both
the real and the imaginary parts increased with L As the value of

r becomes much larger than nominal, the real part begins to decrease
wﬁile the imaginary part continues increasing. To the extent for which

information is available, |Z|, which depends almost equally on the real
and imaginary parts (table II), will continue to increase with increas-
ing r but at an ever-decreasing rate. The phase angle will experience
a rapgd increase since the imaginary part increases and the real part
decreases with r . It should be kept in mind that all the parameter
variations are f&r a frequency of 1.0 kc. For any other frequency the
curves might assume a completely different form,

4. ACKNOWLEDGEMENT

The author wishes to thank Mr. George Kambouris for many helpful
suggestions regarding this investigation,

5.  REFERENCES

1, IBM General Information Manual, Programmer's Primer for FORTRAN
Automatic Coding System for the IBM 704 Data Processing System.

2. DOFL TR-502, "Transistor Parameter Variations in the VLF Range’,
G. Kambouris and H. Morris, 1 September 1957.




DISTRIBUTION

Department of the Army

Office of the Chief of Ordnance

The Pentagon, Washington 25. D. C.
Attn: ORDTN (Nuclear & Special Components Br)
Attn: ORDTB (Research Br)

Commanding General
Army Ballistic Missile Agency
Redstone Arsenal, Alabama

Attn: Technical Documents Library

Commanding Officer

Picatinny Arsenal

Dover, New Jersey
Attn: Feltman Research & Engineering Laboratories
Attn: Library

Commanding Officer
U. S. Army Signal Research & Development Laboratory
Fort Monmouth, New Jersey

Attn: Electronic Components Research Dept

Attn: Tech Library

‘Attn: Dr. B. Reich

Attn: Mr. Fred Gordon

Attn: Sig. FM - Flash E1 P.D.C.

Department of the Navy
Washington 25, D, C.
Attn: Bureau of Ships,
Main Navy Bldg, Rm 3346

Commander
U.S. Naval Ordnance Laboratory
Corona, California

Attn: Documents Librarian

Commander

U.S. Naval Ordnance Laboratory

White Oak, Silver Spring 19, Maryland
Attn: Tech Library

Department of the Navy
Bureau of Naval Weapons
Washington 25, D. C.

Attn: DLI-3, Tech Library

Commander
Naval Research Laboratory
Washington 25, D. C.
Attn: Solid-State Electronics Br, S. Paull
Attn: Tech Library
Attn: Laddie Rhodes
Attn: George Abrahams

A dmee e e

25




DISTRIBUTION (Continued)

Components & Techniques Laboratory
Air Research & Development Center
Bedford, Mass

Attn: E., Czerlinsky

Commander
Armed Services Technical Information Agency
Arlington Hall Station
Arlington 12, Virginia
Attn: TIPDR (10 copies)

National Bureau of Standards
Washington 25, D. C. '
Attn: Library
Attn: J. C. French, 14.02 (207 EL)
Attn: P. A, Mantek, 12.01 (331 CL)
Attn: Sidney Geller, 12.01 (331 CL)

Advisory Group on Electron Tubes

346 Broadway

New York 13, New York

- Attn: Chief, Technical Reference Section

Bell Telephone Laboratories, Inc.
Mountain Avenue
Murray Hill, New Jersey

Attn: Dr., J. M. Early

Office, Chief of Research and Development
Department of the Army
Missile and Space Division
Washington 25, D. C.
Attn: Capt John McClary

Stanford University
Electronics Research Laboratory
Stanford, California

Attn: J. P, Paddock

Airinc
1700 "K" Street, N. W.
Washington, D. C.

Attn: A. J. Dellinger

26

.-)'({’

>




Internal Distribution

Hinman, W. 8., Jr./McEvoy, R. W,
Apstein, M./Gerwin, H. L./Guarino, P. A./Xalmus, H. P.
Fong, L. B. C./Schwenk, C. C.

Hardin, C. D., Lab 100

Horton, B. M., Lab 200

Rotkin, I., Lab 300

Landis, P. E./Tuccineardi, T. E., Lab 400

Hatcher, R. D., Lab 500

Flyer, I. N., Lab 600

Campagna, J. H./Apolenis, C. J., Div 700

DeMasi, R., Div 800 !

Franklin, P. J./Horsey, E. F., Lab 900

Seaton, J. W./260

Liimatainen, T. M., 920

Kaiser, Q. C., 920

Williams, D., 920

Van Trump, J., H., 930

Young, R. T., 930

Kambouris, G. N., 930

Otley, K. O., 930

Baldini, B. P., 930

Kyriakopoulos, N., 930 (10 copies)

Technical Reports Unit/800 (3 copies)

Technical Information Office, 010 (10 copies)

DOFL Library (5 copies)

(Two pages of abstract cards follow)

27




*POLLYALITSSVIO XITVNOIS ¥Ifdl X4 dSMIND@I SY QEIVIEL TH TIIN SQEVD
QEAOWE QY ~“HFA0D »0¢3 LOISNT NO QHION 5 TIIH QUVD HOVA J0 TVAORDL

b 2
> .:mo J PU® I JO suoyjduny aae siajsuwered
9Y3 Jo 3Is3a Iyl a 1 pus "1 uo spuadap adurpadwy I9JSUEI} PIerIO]
ay) o1Iua ‘ATuo 'a uo spuadop @ouepaduy jnduy ay3 suoyieandyjuod

J9331W0 UONWOD pur ©S®q UOWLOD SYI U Jey) 9IeDFPUT SI[NSAT AyL

‘pojedyisasuy saaye

-weawd-2 943 uo 3993J3 oYl pue ‘Iuwisuod pPIaY SIom IS oyl a[TuUM
PeIqnop puw . ey seam sI13jduweted ITNIITO Jualearnbs juspuadapuy
S43 Jo Yowd ‘uoyITpPe UL 'Y 0°T Jo Ld>uonbail e J07 epEw usaq oAy
" SUOTJIVINOTEY YL ‘sIajoueded IFNOIIO juateatnba-1 Jo3sSTSURBII BYy3
JO SWI33 U] PIIWINOTEI UIBQ PABY IOISTSURIY ® JO siajeuied-z ayl

310d3y QATAISSYIONR ‘S6206 ‘foad ‘1o
0069STT°0£SS °"ON SMO “shITT ¢d €1 ‘Ix21 dd 8 ‘1961 .112dV § ‘pEE-UL

sotnodoxerILY seIoWdIN - LINOYID

o *Atuo ou pus % JO suotTIoUN] sJuw sIS}sweaed
943 Jo 31s3x Iyl n 4 puw nu uo spuadap aduepaduy J9Jsusl) pIerlo)
Yl atrya ‘Aruo a1 uo spuadop adouepaduy Induy OY3 suojIvandyjuod

d43331W3 UoWWOD pue aseq UOWWOI IY3 UT JWY] SIWOTPU} SI[NSAI ML

‘payelTinsau] wIele

-Eered-7 Q1 W0 109J)9 MY} puUw ‘JUWISUGT PIeY Sdse JERS SY) A[THS
paiqnop pus pasjey Ews slajsdeted JIRSS70 jus{wAinba juepusdapul
1 Jo yaws "wopiippe 6] Coy g°f jo Lauanbas] w 0] SpEm udeg sATy
SLOTINIRITED AWl CsJajawedwd JTRILED jusimajnbe-i JojalwEERdy W)
Jo I3y Uy peIwInOTED UMGq oAl JOIRTEURI] W o sia)swwawd-3 sl

1todey QYI4ISSVIONN 'gecos ‘losd Licd
ODESSTT OCSE “oN SmO "sn[1y ©d g7 "wxey dd g “yper .172dv § "wEE-ML

sopnodoywiadY swiogaTi - LINOWID

s10387suvay ANTIVAINDI-1 OLSISNVEL 4T 4BL KO SHELTNVEVA-Z 40 ONEGNIASQ = HETIVAIARE -3 WOLSTRHVIL 41 201 KO PVELENEVI-2 40 SNCROKEEN
‘0 '@ ‘sz uoiBupyswh ‘satIolvIOqe] 9zng ow:a:vuo.vmosﬂn *0 '@ ‘cz uorBuyysen ‘sayrolvioqu] TR SSuRUPI) puowsId
‘o) UOTSSIODY av 3 "ON uOYS$II0Y av
. 2 2 2 2 h-‘
- »uno O Pue "1 jo suorjduUNy Sxe s1djewmaud “Lruo 23 pus 1 jo suoj3ounj siw sisews.
*43 30 Isa1 suL n 4 Puv "x uo spuadap duBPIAMT I9jSUBIY Plerio] oyl Jo 1891 eyl "1 puw 9, uo spuadep souspeduy Jejsuwai pivaio}
W3 #1344 ‘Atuo "2 uo spuedep aouepaduy Induy Byi suoTIwandyjucd ayy artus ‘Aruo a1 uo spusdep eouspedmy anduy eyy suoiIeandijued
d913182 voNwOD puw #5¥Q UOWROD Y3 U IWY) I3WDTPUY SITNSAL Syl 29337u9 UOEMOD PUE ISEq UOWWOD SY3 UF IWYI SITITPUT SI{NEAI WL
‘pajedriseauy $1939 ‘porudiisaauy 81030
-wexvd-Z Sy3 VO 3D9J39 Y pue ‘JUBISUCD PIIY I2m 1524 SY) I[TUM —weavd-z O3 Uo 309338 943 PuE ‘JUNISUOD PIAY SIea IERI OUI STIUA
POTQrop pue PIATEY sSEa s1d3omeand 3IndIYD Juayeainba judpuadapuy PIIqQNOP pUR POATEY Sea s2ajowwaed 13NOITD JusIwATadS Jvapusdepul
Y3 Jo Yoma ‘uorITppPe Ul O @°1 Jo £ouenbaxj v Joj Ipem usaq IAwY sy} Jo uows ‘uoTIIPPE UI ‘ON 0'T Jo Louanbauj u 10 Spum USIQ SAwy
| SUOTIRINITED 8L °sisjdweamd JTNOITD JUITEAINDa-L JOISTSUBRIY Ay} © SUOFIEINOTED YL ‘°sidjswmaed ITNOJTO Jusimatnbe-l J0isTSUBIY AW
JO SEI3] U PAITINOIED USIQ IABY JOISISURI] ® JO sSIdjsuwvaed-7 ayy JO SWIa1 UF PIIEINI[ED UIQ SAWY JOISTSUELY ¥ JO sisjoweind-7 Ul
3zodey QILAISSYIONN ‘56206 ‘Foad 7Licd 330dey QIIIISSYIONN ‘S6208 °fodd 1400
0069STI°0CSS “ON SO “snITY ¢d €1 3x23 dd § ‘T96T.TIHIV § ‘bE6-uL 0069STI'0ESS ‘ON SNO *SNTTT ¢d £ ‘3x93 dd g ‘1961.T34dv ¢ ‘pe6-ML
soynodojera4Y seIOUdIN - LINDWID soinodoxutady serowdIN - LIAMNID
SARARN SRR LAFIVAIODX-1 YOLSISNVEL 3T ZHL NO SUZLIVEVA-Z 40 FONIANIASA s103s1sURIYL INTIVAINDZ-L WOLSISNVUL &T THL NO SYALTNVHVA-Z 4O JONIANI4ZA

*0 *d ‘cT uoiBuryswy ‘$atI038I0QET] 9ZNJ BSUBUPIO vn.ot!n

—————

*Ojf UOYSSeIOY av

*D *Q ‘sz uoIBUTYSEA ‘$91I0INIOQE] zNJ 8IUEUPIQ Puceeid

*ON UOYSS8dOY av




“HOIIVATATSSVIO XLIVNOFS NIFIL X€ ARMINDTY SY QILVENL &g TIIA SQUV0

w7

WEY @Y ““EIA0D LOVE SOISNT NO CQHION 98 TILi QUVD HOVE JO TVAOHIY

3 .humo uu pur 1 3O suoxiduny aae sasjsuwesed
Y3 Jo 3saa ayg m 1 Pue “x uvo spuadep souepaduy d3J5UBI} paemioy
W 21I4a ‘Auo "2 uo spuadop @duepadwy Induy ayy suoy3eansyjuoo

133312 uowwod pue Iseq uOWOD SU3 uy eyl AjedYpul s3Tnsax ayg

‘peIedr3saauy s1s3e
oIam 31591 @Yl ayTyyum
Jouwexed 3ynoaro juateaynba judpuadapuy
943 jo yoea ‘uwoliyrppe uy ‘9% 0°1 jo £douanbai; e 1oy opew usaq vary
| SUOYIRINOTED SYL *siojowexed 3INOITD Juateaynbe-y Jo3sysuea; ayy

J0 swI1a3 uy paywynotes ussq asaey Jolsysueay ® Jo s19jowered-z oyy

-weied-z 2yl uo 3109330 0ru pue ‘juejsuoo pray
PR1qQnop pue piijey sea sao

3roday GATAISSYIONR ‘S6206 *[oag 400
0069ST1°08SS "ON SNO ‘sniyy dd €1 ‘ix031 dd g ‘1961 FdY ¢ ‘pre-ur

sornodoxeraLX SeTOYdIN - LINJ¥ID

° “L1uo uu pus % Jo suorjouny aiz ssajauesed

943 Jo 3sex ayL '“a pue 4 wo spuadap aocuepadwy 13)surd) prerdo}
Y3 ar11ya ‘Aruc 9, uo spuadep souepadwmy 3nduy 8Y3 suoyjeandyjuod
193317%3 uowwod pur aseq uowwod SY3 U JrY} IEDTPUT SITRSIX YL

‘paiwdrissauy si183d

-wesed-z 8Y3 uo 399333 ayy PUR ‘Juwjsuod pray axam 159X Yl ITTUA
P3Iqrop pue paatey ses szajouesed 31NOX10 juajeatnba juapuadepug
243 jo ydea ‘uorITEPE UI Oy 9° Jo £suanbag) w 107 spww usaq Iawy
T SUOTIETNOYTED Byl saajowered ITN0aTO juatearnba-] JojsTSUBIY Y}
Jo Swxay uy pajeyndoyes uaaq asey l103STSuRI} ® Jo sasjsuvied-z UL

3a0dey¥ GITIISSYIONA ‘S6206 ‘foad ‘Licd
0069STT°0£SC "ON SIO “snyyf ¢d €1 ‘I1x03 dd g ‘1961 .172dY ¢ ‘pe6-ML

sornodoxeraLy u¢~mno-= - LINDYID

s10383suvay AKTIVAIADA-L HOLSISNVHL 4T HHL KO SUALANVEVA-Z 40 ZONFANTAZQ faoIsTseL INTIVAINGA-L NOLSISNVML 4T THL KO SHILDWVHVA-Z 4O EONEINIJST
"2 '@ ‘sz uoidupusus ‘so1.038108T 92ng souEUPID puowsiq ‘0 '@ ‘sz uojBuryses ‘satiolwsoqe] ezng avusupig puowsid
“ON uoYssadOY v *ON uorssadOy av

3 y ® & ! s1a1ouvivd

P 4190 "5 pur "1 jo suoryouny aae siajomered *£1uo °0 puw "z jo suoyiouny eaw

3MW3I Jo 3591 ayL °"a pus au uo spuadap sduepadui Iajysueay Paerdoy 343 Jo 3saa ayg -2, pue G vo spuadap aouwpaduy J9jsuea] pavalo}

Y3 arIya ‘Lruo 9y Uo spuadsp aduepadut 3nduy ayj suorjeansyyuoo oyl 211yM ‘Luo ], uo spuadap souspadwy 3nduy oy} suojIvAINIYJUOD

493314 vommod pue assq uowzod Su3 uy 3Ny 93EoTPUY sImsar syl 2833709 UOWWOD puE 3S¥Q UOWWOD 9Y3 UT WY IITITPUT SITNSES UL

. ‘pajedriseau; si93e ) ‘poi1ndiissauy s1830

-muiwd-Z Sy3 wo 308739 SY3I pue ‘jueisuod PISY a30a 3501 3y} oTium -weawd-Z 9Y3 UO 3108373 Y1 Pur ‘JuBISUCD PIIY 91Im 3saL Y} OTIYA

P31qnop pus paatey sea sI93suvsed 1TN2ITD juateajnbe jJuapuadapuy PITIqnop pus pasrey sea sxajouvied JINOITO juaywarnda juspuadepuy

%43 Jo 4oE3 ‘uoravppE ur oy o'y Jo £ousnbaij v o3 spwm ussq daey 43 Jo Yoea ‘uojITPPE UI ‘oY Q' jo Louanbaij v Joj Ipew uIeq eAwY

" SUOTIRINOTYD oyl “siajowered 3Tnoayo Juatearnba-J Jo03sTSUBIY ay3 T SUOTITINOTED SYL °*sasjometed 3TNOITO JuafeaTnba-L J0ISTSURII O3

JO SmMI93 Ul PIIRINOTED uaeq ATy JOISTSURI} ® Jo sIojsuwesed-Z Yy JO $WaId] Uy pIJeINO[eEd UIVq IawY JOISTSULI] ¥ JO SIdjweied-Z WUl

Liodey QALJISSVIONN ‘gezos Foid "Ling 330dey QITIISSYIONN ‘S6206 .?u._ 140a

DOSSTIT OLES "ON MO “SPITT €4 £1 ‘3xe3 dd § ‘Teel.Trady ¢ ‘sre-wy 0063STIOESS 'ON SNO “SRITI ¢d £1 ‘3x33 dd § ‘1967 .17V § ‘PE6-ML
voinodoyuTady SefouRIN - LIAOWID sornodonetaLy SeTONITN -‘._.Suc-o

*:0387suRay LOrIVAIObE-1 WOLSISNVEL 4T SHL KD SUILENVEVA-Z 40 SONSONSLST s101sysURIL INFIVAINDZ-L HOLSISNVYL 4T ¥HL NO SYILTVUVA-Z 40 ROKIANIASA

D' ‘gz woiBuryema ‘safsoiwdoge] sEng eciwupag puoweiq

—

"ol mOjEREIDy ay

‘0 :@ ‘gz uoiduyyses ‘saTLoIvoqET IzNJ EIURUPIQ Puoweid

‘ON UOISEIDDY av




UNCLASSIFIED

UNCLASSIFIED




